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Escherichia coli outer membrane protein A (OmpA) is a well-established model for the study of membrane assembly. Previous studies have
shown that the essential sequence for outer membrane localization, known as the sorting signal, is contained in a segment of the eighth β-strand,
residues 163–171. Sequential digestion of OmpA, purified from outer membranes or inclusion bodies with cyanogen bromide and Staphylococcus
aureus GluC, yielded peptides 162–174(LSLGVSYRFGQGE). Western blot and chemical assays indicated that the peptide was covalently
modified by oligo-(R)-3-hydroxybutyrate (cOHB), a flexible, amphipathic oligoester. MALDI/MS was consistent with modification of peptides
162–174 by up to ten R-3-hydroxybutyrate (HB) residues. Western blot analysis of mutants of the peptide, using anti-OHB IgG, indicated that
cOHB modification was not inhibited by the single mutations S163G, S167G, Y168F, R169N or R169D; however, cOHB was not detected on
peptides containing the double mutations S163G:S167G S163G:V166G, L162G:S167G, and L164G:S167G. MALDI/MS/MS of double mutant
S163G:S167G confirmed the absence of cOHB-modification. The results suggest that cOHB may be attached to one or both serines, and point to
the importance of the flanking hydrophobic residues. Modification by cOHB may play a role in outer membrane targeting and assembly of OmpA.
© 2007 Elsevier B.V. All rights reserved.Keywords: OmpA; cOHB; Outer membrane sorting; Protein modification; Amphipathic polymer1. Introduction
The process by which outer membrane porins (Omps), which
are synthesized in the cytoplasm as precursors with signal
sequences, are localized to the outer membrane is known as outer
membrane sorting. The Omps typically have amphiphilic
sequences, i.e. they contain hydrophilic residues and are devoid
of long hydrophobic segments, presumably to prevent their
entrapment in the cytoplasmic membrane. Omp precursors are
synthesized in the cytoplasm with a signal sequence at the amino
terminal. They are guided into and through the cytoplasmic
membrane to the periplasm in a largely unfolded state. The signal
sequence is cleaved and the protein is folded and inserted into the
outer membrane. This complex multi-step process is mediated by
molecular chaperones and lipopolysaccharides [1–4].
The 325 residue outer membrane protein A (OmpA) of
Escherichia coli has served as a model for the study of outer⁎ Corresponding author.
E-mail address: rnreusch@msu.edu (R.N. Reusch).
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doi:10.1016/j.bbamem.2007.06.019membrane sorting [5–10]. In addition to the chaperones and
lipopolysaccharides involved in this process, a segment of OmpA
itself, known as the sorting signal, has been found to be critical to
its outer membrane incorporation. Early studies by Bremer et al.
[11] showed that the OmpAΔ195–325 protein was incorporated
into the outer membrane whereas OmpAΔ161–325 was not.
Klose et al. [12] used a series of overlapping deletions and
immunoelectron microscopy to define a region between residues
154 and 180 as essential for outer membrane integration. All
proteins missing this area remained in the periplasm. Freudl et al.
[13] narrowed the critical region to the eighth β-strand, residues
160–170, and suggested that this strand initiates folding and
assembly into the outer membrane. Klose et al. [14] found that the
double mutant G160V; L162R was not defective in membrane
assembly. The sum of the evidence from these studies indicates
that the putative sorting signal is contained within residues
163–170 (SLGVSYRF) of the mature protein.
Recently, the OmpA homolog, nontypeable Haemophilus
influenzae outer membrane protein P5 (NTHiP5) was found to
be modified by complexation with oligo-(R)-3-hydroxybutyrate
Fig. 1. Structure of OHBs. Illustrating the amphipathic nature of OHBs and the
Co-A ester binding group.
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that may take part in protein folding and/or outer membrane
sorting by interacting with lipids or chaperones. Here we find
that E. coli OmpA also contains cOHB, and that at least some of
the cOHB is located on peptides 162–174, which contains the
alleged sorting signal. Moreover we identify residues within
peptides 162–174 that are essential for its modification by
cOHB.Table 1
Primers for site mutagenesis of peptides 162–174 within cloned polypeptide
101–325 cloned from E. coli OmpA
Mutation(s) Template Primers 5′→3′
S163G WT caacggcatgctgggcctgggtgtttcc
ggaaacacccaggcccagcatgccgttg
S167G WT gagcctgggtgttggctaccgtttcggtc
gaccgaaacggtagccaacacccaggctc
Y168F WT cctgggtgtttccttccgtttcggtcagg
cctgaccgaaacggaaggaaacacccagg
R169N WT gcctgggtgtttcctacaacttcggtcagggcgaagc
gcttcgccctgaccgaagttgtaggaaacacccaggc
R169D WT gcctgggtgtttcctacgatttcggtcagggcgaagc
gcttcgccctgaccgaaatcgtaggaaacacccaggc
S163G:S167G S167G caacggcatgctgggcctgggtgttggc
gccaacacccaggcccagcatgccgttg
S163G:V166G S163G gctgggcctgggtggttcctaccgtttcg
cgaaacggtaggaaccacccaggcccagc
S167G:L162G S167G ccggacaacggcatgggtagcctgggtgttggc
gccaacacccaggctacccatgccgttgtccgg
S167G:L164G S167G gacaacggcatgctgagcggtggtgttggctaccgtttc
gaaacggtagccaacaccaccgctcagcatgccgttgtc2. Materials and methods
2.1. Purification of OmpA
OmpA was extracted from the outer membranes of E. coli JM109 by a
modification of the method of Sugawara and Nikaido [17,18]. Briefly,
stationary-phase cells were suspended in 20 mM tris(hydroxymethyl)
aminomethane (Tris)–HCl, pH 7.5, 5 mM ethylenediamine tetra-acetic acid
(EDTA), 1 mM phenylmethylsulfonyl fluoride (PMSF) and disintegrated by
ultrasonication (Branson). Unbroken cells were removed by centrifugation at
5000 rpm for 10 min (Sorvall GSA rotor) at 4 °C and crude outer membrane
fractions were recovered by centrifugation at 10,000 rpm for 30 min at 4 °C.
Outer membranes were suspended in 0.3% lithium dodecyl sulfate (LiDS)
containing 5 mM EDTA and 20 mM KHepes, pH 7.5, to a final protein
concentration of 2 mg/ml. After 30 min in an ice bath, the suspension was
centrifuged at 20,000 rpm for 45 min. The supernatant was discarded and the
pellet was resuspended in 2% LiDS, 5 mM EDTA, 20 mM KHepes, pH 7.5, and
gently mixed at 4 °C for 30 min. The suspension was then centrifuged at
40,000 rpm for 1 h. The pellet was discarded and the supernatant, containing
soluble OmpA, was loaded onto a column of Sephacryl S-300 (1.6×60 cm,
HiPrep, Pharmacia) that had been equilibrated with 0.1% LiDS, 0.4 M LiCl,
20 mM KHepes, pH 7.5. Fractions were eluted with the same solvent and
examined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). OmpA-rich fractions were combined and concentrated using Centricon-
10 (Amicon).
Alternatively, mature OmpAwas overexpressed in E. coli BL21(DE3)pLysS
cells (Novagen) containing the pET-45b(+)-His-ompA plasmid, and was grown
in LB medium supplemented with 50 μg/ml ampicillin and 30 μg/ml
chloramphenicol at 37 °C with aeration to an A600 of ∼0.4. Protein expression
was induced by the addition of 0.2 mM isopropyl-1-thio-3-D-galactopyranoside
(IPTG), and the cells were allowed to grow at 37 °C for an additional 2 h before
harvesting by centrifugation. Cells were disintegrated by ultrasonication as
above and inclusion bodies were collected by centrifugation at 15,000 rpm for
30 min. His-OmpAwas extracted and purified by Ni-agarose chromatography as
described by the manufacturer (Qiagen).
2.2. Polypeptide purification
For polypeptide purification, approximately 2 g of cells were resuspended in
10 ml of cold 50 mM HEPES, 10 mM MgSO4, 1M KCl (APB buffer),
containing 0.2% of octyl-â-D-glucopyranoside, pH 7.5 and 8M urea and
incubated at 4°C o/n. Cellular debris and membranes were removed by
centrifugation at 30,000 rpm for 30 min at 4 °C. Imidazole was added to the
clarified lysate to a final concentration of 20 mM. 1 ml of 50% Ni-NTA slurry
was added and the mixture was incubated at room temperature for 60 min. After
loading on a column, the mixture was washed with 10 ml of APB buffer
containing 20 mM immidazole, followed by gradient elution of the protein from50 mM to 200 mM imidazole in APB buffer. Protein-containing fractions were
pooled based on examination by SDS-PAGE.
2.3. Cloning and site-directed mutagenesis of OmpA polypeptides
The OmpA polypeptide (residues 101–325) was subcloned from plasmid
pET17b-ompA (a gift from Dr. Honggao Yan). The ompA gene was PCR-
amplified using Platinum Pfx DNA polymerase (Invitrogen) according to the
manufacturer's instructions using standard cycling conditions. The forward
primer 5′-ggacccatgggcgtatggcgtgcaga cactaaatc-3′ and the reverse primer 5′-
ggacccatgg cagcctgcggctgagttac-3′ included NcoI restriction sites (underlined)
for cloning into pET-45b(+) (Novagen). The PCR product was purified with the
QIAquick PCR purification kit (Qiagen) followed by digestion with NcoI at
37 °C o/n. The gene was separated from digestion by-products on a 1.0%
agarose gel and purified by the QIAquick Gel purification kit (Qiagen). The
purified ompA fragment was then ligated into the expression vector pET-45b(+).
E. coli DH5α were transformed with the ligation mixture and then plated onto
LB medium supplemented with 50 μg/ml ampicillin. Individual colonies were
selected and cultured o/n in the same medium, and plasmid DNAwas extracted
with the QIAprep Spin Miniprep kit (Qiagen). Positive clones were sequenced
by the Michigan State University Genomics facility.
Site-directed mutagenesis was carried out using the Stratagene
QuickChangeTM site-directed mutagenesis kit (Stratagene). The following
reagents were mixed together: 125 ng each of the two primers, 50 ng of parental
plasmid template, 1 μl of 10 mM dNTP mix, 5 μl of 10×reaction buffer, 1 μl of
Pfu DNA polymerase (2.5 units/μl; Stratagene), and d H2O to a final volume of
50 μl. All other steps were performed as described by the Stratagene manual.
Primers used are listed in Table 1.
2.4. Digestions of OmpA with CNBr and Staphylococcus aureus GluC
For CNBr digestion, purified OmpA (∼10 mg) was precipitated with
ice-cold trichloroacetic acid (TCA) (final concentration 10%) and TCA was
removed by washing with methanol (2×). The protein was dried with a stream
of dry nitrogen gas and dissolved in 70% formic acid (1 mg/ml). CNBr was
added (2 mg/mg protein) and the mixture was incubated o/n at room temperature.
The sample was diluted six-fold with dH2O, dried with a nitrogen stream, and
then lyophilized. The residue was dissolved in 25% acetonitrile (ACN), 0.1%
trifluoroacetic acid (TFA) (∼2.5 mg/100 μl). Sediment was removed by
centrifugation and the CNBr digest was loaded onto a Vydac C4 (5 μm, 300 Å)
microbore column (LC Packings) and eluted with the same solvent. Fractions
(200 μl) were collected, and aliquots were examined by SDS-PAGE. Fractions
containing the 12.6 kDa fragment (residues 162–279) were combined.
Fig. 2. OmpA purified from outer membranes of E. coli JM109. Left:
SDS-PAGE of purified OmpA. Right: Western blot of a similar SDS-PAGE gel
on supported nitrocellulose membrane probed with anti-OHB IgG. Lanes 1 and
3—unheated; lanes 2 and 4—heated in loading buffer for 3 min at 100 °C.
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ACN, 0.1% TFA, 0.1M NaHCO3 and incubated with S. aureus GluC (Roche)
for 16 h at 37 °C. The reaction was stopped by heating at 100 °C for 2 min and
the mixture was dried by lyophilization. The residue was dissolved in 25%
ACN, 0.1% TFA and loaded onto a Vydac C4 (5 μm, 300 Å) microbore column
(LC Packings) and eluted with the same solvent. Fractions (200 μl) were
collected and aliquots were examined by dot-blot assay using anti-OHB IgG.
Fractions containing cOHB were pooled.
Protein solution resulting from CNBr cleavage of OmpA and containing
∼100μg protein was precipitated with CHCl3/CH3OH (1:4) and re-suspended in
30 μl SDS loading buffer. The sample was then subjected to electrophoresis in a
Tris–HCl 4–15% Criterion gel (BioRad) for approximately 15 min at 25 V so
that the protein formed a tight band just into the stacking gel. Electrophoresis
was then stopped and the gel was stained with Coomassie Blue. The resulting
gel band was excised from the gel and subjected to in-gel digestion according to
the method of Jensen et al. [19] except that endoproteinase GluC (Roche) was
substituted for trypsin at a ratio of 1/200 and vacuum drying of the gel pieces
was omitted.
2.5. Western blot assays for His-tag and cOHB
In the Western blot assays for His-tag, 5 μg of OmpA was diluted into
Laemmli loading buffer containing 2% β-mercaptoethanol. The sample was
loaded on a 12% polyacrylamide gel. The gel was transferred to a supported
nitrocellulose membrane (Bio-Rad) in 25-mM Tris–Glycine buffer, pH 8.3,
using a Mini Trans-Blot electrophoretic cell. The blot was then incubated with
anti-His HRP conjugates (Qiagen) and developed according to the manufac-
turer's instructions.
In the Western blot assay for cOHB, 5 μg of OmpA was added to
Laemmli loading buffer containing 2% â-mercaptoethanol. The sample was
loaded on a 12% SDS-PAGE and proteins were separated by electrophoresis.
The gel was transferred to a supported nitrocellulose membrane (Bio-Rad) in
25-mM Tris–Glycine buffer, pH 8.3, using a Mini Trans-Blot electrophoretic
cell (Bio-Rad). The membrane was blocked with 1.5% gelatin (electrophor-
esis grade; Bio-Rad) in Tris-buffered saline, pH 7.5, 0.1% Tween-20. Primary
incubation was with polyclonal anti-OHB IgG in blocking buffer. The
antibody was produced in rabbits to a synthetic 8mer of OHB (courtesy of D.
Seebach, ETH Zürich) conjugated to gelatin (Metabolix Inc.) and purified by
protein A chromatography. The second antibody was goat anti-rabbit alkaline
phosphatase conjugate (Bio-Rad) in the same buffer. Color development was
performed with 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitroblue
tetrazolium (NBT) (Bio-Rad).
2.6. Chemical assay for cOHB
cOHB was determined essentially as described by Huang & Reusch [20].
Briefly, OmpA (∼100 μg) was precipitated with ice-cold TCA (20% final conc.)
and dried by lyophilization. Conc. sulfuric acid was added (0.6 ml) and the
sample was heated at 120 °C for 40 min. The resulting crotonic acid (trans-
2-butenoic acid) was extracted and chromatographed on an Aminex HPX-87H
ion exclusion organic acid analysis column (Bio-Rad: 4.1×250 mm) using 0.014
N H2SO4 as eluent. The crotonic acid peak was identified by its elution time and
by its UVabsorption curve. Crotonic acid was quantified by comparison of peak
area with that of crotonic acid standards. OHB standards (from Alcaligenes spp.
Sigma Aldrich) subjected to the same procedure produced 50% of the theoretical
yield of crotonic acid.
2.7. MALDI spectra of wild-type and mutant peptides 162–174
For MALDI/MS of wild-type peptides 162–174, the purified wild-type peptide
in 25% ACN, 0.1% TFA was vacuum concentrated and spotted onto a MALDI
plate using the sandwich method with α-cyano-4-hydroxy-cinnamic acid (CHCA)
as the matrix. Mass spectrometric analysis was performed using a Voyager Elite
(Applied Biosystems) mass spectrometer in linear positive mode with a 50-ns
delay. Laser strength was set to 1700 and low mass gate was set at 1000.
For MALDI/MS/MS of the mutant peptides 162–174, the solution of
peptides from in-gel GluC digestion of the 12.6-kDa band from CNBrdigestion was vacuum concentrated to ∼5 μL and 1 μL of this was spotted
onto the MALDI plate using the dried-droplet method with 2,5 dihydrox-
ybenzoic acid (DHB) as the matrix. Mass spectrometric analysis was
performed using a ThermoElectron LTQ Linear Ion trap outfitted with a
vMALDI ion source. The top five ions in each MS survey scan were then
subjected to data-dependant low energy collision induced dissociation (CID)
at an excitation energy of 40. Laser power was set to 45, automatic spectral
filtering (ASF) and automatic gain control (AGC) were turned on and a peak
height threshold of 500 was used for MS scans, 100 for MSn scans. Dynamic
Exclusion was tuned off. Resulting MS/MS spectra were converted to peak
lists using BioWorks Browser v 3.2 and searched using the Sequest [21]
search algorithm against a database of E. coli sequences obtained from NCB
Inr, modified to include the mutated OmpA sequence. Peptide identifications
were considered positive if the peptide probability, P(pep), was above 5 e−3
with an XcorrN2 for a+1 ion.3. Results
3.1. Modification of E. coli OmpA by cOHB
Mature OmpA was extracted from the outer membrane
fraction of E. coli JM101 by the method of Sugawara and
Nikaido [17,18]. After purification by chromatography on
Sepharose 300, the protein displayed the characteristic
property of heat-modification, i.e. the protein migrated as a
31-kDa protein on SDS-PAGE gels when unheated in SDS
but at ∼36 kDa when completely denatured by boiling in
SDS. Western blot analysis with anti-OHB IgG indicated that
both forms of the protein contained cOHB (Fig. 2). Similarly,
His-OmpA, overexpressed in E. coli BL21(DE3)pLysS cells
and purified by Ni-agarose chromatography displayed both
heat modifiability and the presence of cOHB. The identity of
cOHB in OmpA and His-OmpA were confirmed by a
chemical assay [20] in which the oligomer was converted to
crotonic acid by heating in conc. sulfuric acid. The crotonic
acid was then extracted, separated by chromatography, and
the amount was estimated from the peak area as 28 ± 8
residues per molecule.
cOHB may be associated with OmpA via a covalent bond
formed via its CoA ester end (Fig. 1) to a hydroxy or lysine
residue and/or by multiple noncovalent hydrophobic, hydrogen-
bonding or coordinate bond interactions formed between its
methyl and carbonyl ester groups and amino acid residues. To
distinguish between covalent and noncovalent bonding, we
attempted to remove cOHB from OmpA by solvent extraction.
cOHB is highly insoluble in water, alcohols and acetone, but
soluble in chloroform [22]. Purified OmpA (∼5 mg) was
Fig. 3. Western blot probed with anti-OHB IgG. CNBr digest of OmpA, purified
from outer membranes of E. coli JM109. Left: SDS-PAGE of digest. Right:
Western blot of a similar SDS-PAGE gel on supported nitrocellulose membrane
probed with anti-OHB IgG.
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The protein was then extracted 2× with warm chloroform, and
the chloroform extract and protein residue were examined for
the presence of cOHB by dot-blot and chemical assays. TheFig. 4. MALDI/MS spectrum of OmpA peptides 162–174, obtained by cyanogen b
cinnamic acid. Upper panel—initial spectrum. Lower panel—spectrum after ∼3 adresults indicated that no discernible amounts of cOHB had been
removed from the protein. Hence it was concluded that cOHB is
covalently attached via its CoA ester end to one or more
hydroxy or lysine residues within OmpA.
3.2. Modification of peptides 162–174 from E. coli OmpA by
cOHB
Purified OmpA protein was digested with cyanogen bromide
and the resulting fragments were separated by electrophoresis
on SDS-PAGE gels. Western blot analysis with anti-OHB IgG
indicated the presence of cOHB in the resultant 12.6 kDa
polypeptide, residues 162–279 (Fig. 3). This polypeptide was
purified by C4 hydrophobic chromatography, and then further
digested with the endoproteinase S. aureus GluC, which
selectively cleaves peptide bonds C-terminal to glutamic acid
residues. The products of the GluC digest were separated by C4
hydrophobic chromatography, and fractions were tested for
cOHB by dot-blot immunoassay. The peptide containing cOHBromide and S. aureus Glu-C digestion of OmpA. Matrix: α-cyano-4-hydroxy-
ditional seconds of laser beam.
Table 2
Mutations made within peptides 162–174 of cloned polypeptide 101–325 from
E. coli OmpA
Peptides 162–174 Sequence cOHB
Wild-type LSLGVSYRFGQGE +
S163G LGLGVSYRFGQGE +
S167G LSLGVGYRFGQGE +
Y168F LSLGVGFRFGQGE +
R169N LSLGVSYNFGQGE +
R169D LSLGVSYDFGQGE +
S163G:S167G LGLGVGYRFGQGE −
S163G:V166G LGLGGSYRFGQGE −
S167G:L162G GSLGVGYRFGQGE −
S167G:L164G LSGGVGYRFGQGE −
Mutant amino acids are bold and underlined. Presence (+) or absence (−) of
cOHB on wild-type and mutant polypeptides was determined by Western blot
analysis using anti-OHB IgG.
Fig. 5. Western blot analysis of mutations made in the segment 162–174
(LSLGVSYRFGQGE) of a polypeptide of E. coli OmpA. Bands shown are at
25 kDa. Left: anti-His IgG; Right: anti-OHB IgG.
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162–174 (LSLGVSYRFGQGE).
3.3. MALDI/MS of peptides 162–174 from wild-type OmpA
The cOHB-containing peptides 162–174 was examined by
MALDI/MS. The resulting spectra are consistent with modifica-
tion of the peptide by up to 10 residues of R-3-hydroxybutyrate
(HB) (Fig. 4). In the initial spectrum (upper panel), the expected
parent ion of peptides 162–174,MW1412, is not visible; instead
strong peaks are observed that correspond to 6, 8 and 10 HB
units attached to this fragment. After further exposure to the laser
(∼3 min), the peak corresponding to 10 HB has diminished and
peaks corresponding to 6 and 8 HB have increased in intensity,
reflecting the lability of the ester bonds of cOHB (lower panel).
In the latter spectrum, the peak corresponding to the parent
peptide has become visible. Further treatment with the laser
resulted in continued degradation of peaks corresponding to
cOHB and increases in the intensity of the peak corresponding to
the parent peptide (not shown).
3.4. Identification of residues in peptides 162–174 that
influence cOHB-modification
In order to determine which residues within peptides 162–
174 were essential to its modification by cOHB, peptides
162–174 with C-terminal His-tag was cloned in plasmid PET
45b(+) for overexpression in E. coli Bl21 DE3 pLysS cells.
However, this peptide proved to be very toxic and efforts
to express it failed. The segments 101–161, 175–279 and
280–325 were each cloned in plasmid PET 45b(+), over-
expressed in E. coli Bl21 DE3 pLysS cells, purified by Ni-
agarose chromatography and found to be free of cOHB by
Western blot analysis. Therefore, the larger polypeptide, res-
idues 101–325, which was more readily expressed, was used to
analyze mutations of residues within the segment 162–174.
Single mutants were prepared of the hydroxy amino acid
residues – S163G, S167G, Y168F – which were possible
covalent binding sites. Each of these single mutants gave a
positive reaction to anti-OHB IgG, indicating that theycontained cOHB (Table 2, Fig. 5). The double mutant,
S163G:S167G, however, displayed no reaction to anti-OHB
IgG, indicating it was unmodified. The potential importance to
cOHB modification of the basic residue R169 and the
hydrophobic residues adjacent to the serines was next
examined. The influence of the positive charge on arginine
was tested with a mutant in which the charge was neutralized,
R169N, and a mutant in which the charge was changed to
negative, R169D. Neither mutation had a discernible affect on
cOHB modification. Potential effects of the flanking hydro-
phobic residues were examined by double mutations in which
one serine was mutated and a hydrophobic residue adjacent to
the other serine was also mutated. Each of these double
mutations S163G:V166G, S167G:L162G and S167G:L164G
produced polypeptides that displayed no reaction to anti-OHB
IgG (Table 2, Fig. 5), indicating the importance of hydrophobic
residues adjacent to an OHB-modified serine.
3.5. MALDI/MS/MS of peptides 162–174 from cOHB mutant
OmpA
The mutations S163G and S167G were made on the whole
His-tagged OmpA gene cloned in plasmid pET-45b(+). The
plasmid was introduced into E. coli BL21(DE3)pLysS cells and
Fig. 6. MALDI/MS/MS spectrum of OmpA mutant peptides 162–174 (S163G:
S167G), obtained by cyanogen bromide and S. aureus Glu-C digestion of
OmpA. Matrix: 2,5 dihydroxybenzoic acid.
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inclusion bodies by Ni agarose chromatography and digested
with CNBr. The fragments were separated by gel electrophor-
esis (see Materials and methods) and the 12.6-kDa band
(residues 162–279) was excised, digested with S. aureus GluC
and examined by MALDI/MS/MS. The resulting spectrum of
peptides 162–174 containing the double mutation, S163G:
S167G, displays a strong parent ion at MW 1353 with no
indication of modification by cOHB (Fig. 6).
4. Discussion
Here we find that E. coli OmpA is modified by the
oligoester, cOHB (Fig. 2) and further that cOHB is bound to
the sorting signal of OmpA, i.e. the sequence essential for outer
membrane incorporation (Fig. 4). The cOHB cannot be
removed from the peptide by solvent extraction, which suggests
it is covalently attached to one or more of its residues at its CoA
ester end (Fig. 1). cOHB was present on this segment of OmpA
whether the protein was isolated from the outer membranes or
the protein or polypeptide containing this segment was isolated
from inclusion bodies, suggesting that the modification occurs
in the cytoplasm.
Western blot analysis of single and double mutations made
within peptides 162–174 points to the serine residues, S163
and/or S167 as the site(s) of covalent attachment of cOHB. It is
not clear whether one or both serines are modified in vivo.
Accordingly, mutation of either S163 or S167 to glycine does
not prevent cOHB-modification of the peptide, but replacement
of both serines by glycines completely inhibits cOHB-
modification (Table 2, Fig. 6). The data also indicate that the
modified serine(s) must be bordered by hydrophobic residues.
In the S167G mutant, replacement of either hydrophobic
residue adjacent to S163, L162 or L164, with glycine prevents
cOHB-modification. Similarly, in the S163G mutant, replace-
ment of the hydrophobic residue V164 adjacent to S167 by
glycine also inhibits cOHB-modification. The data rule out arole for the basic residue, R169, in the mechanism for cOHB
addition; mutations either to the neutral asparagine or acidic
aspartic acid had no effect.
According to the MALDI/MS spectrum of the wild-type
peptides 162–174 (Fig. 4), the number of R-3-hydroxybutyrate
(HB) residues attached to the peptide is 10 or less, but the ester
linkages of cOHB are more labile than the amide bonds of the
protein and some losses may have occurred during protein
purification and digestions as well as by exposure to the laser
beam. Nevertheless, the HB units appear to be degraded by the
laser in pairs and fewer than 6 HB units were not observed (Fig.
4). There would be two fundamentally different mechanisms by
which the oligomer chain could be degraded. One is random
cleavage, the other is intramolecularly-assisted degradation The
loss of two HB units suggests a cyclic degradation mechanism
in which the terminal OH group attacks the ester carbonyl on the
second HB unit from it to form an eight-membered cyclic
di-ester fragment, leaving a terminal OH on the remaining
chain. Attack on the nearest carbonyl group would result in the
loss of a 4-membered lactone fragment which would be both
energetically and stereo-electronically prohibitive. With short
oligomer chains (= 6 units), interactions with the protein matrix
may interfere with this process. It is interesting to note that the
enzymatic degradation of OHBs and the polymer, PHB, also
proceeds with the loss of HB dimers [23,24].
cOHBs are extremely flexible, solvent-like molecules
[25–29]. These properties make them ‘invisible’ in X-ray
structures; if at all detectable, they would resemble water or
detergent molecules. Accordingly, while X-ray structures of
OmpA [30,31] do not reveal the presence of cOHB, they do
include several detergent molecules and many water molecules,
some of which may originate from cOHB.
Previous studies of E. coli proteins by Huang and Reusch [20]
indicate that cOHB is a component of a number of membrane
proteins, some of which may be outer membrane proteins. There
are several ways in which cOHBs may play a role in the sorting
and assembly of proteins into the outer membrane. As flexible,
amphipathic molecules (Fig. 1), cOHBs can make hydrophilic
peptides more hydrophobic (or the reverse), and then reorganize
themselves to have the opposite effect. Accordingly, cOHBs can
themselves help to chaperone a protein into and through a bilayer
or to transfer out of a bilayer into an aqueous region. Alternatively,
cOHBs can be involved in interactions with one or more of the
chaperones that guide the protein to the outer membrane [10].
Amphipathic polymers, known as amphipols, are used in vitro as
tools to assist the folding of OmpA and other membrane proteins
into their native state [32,33]. cOHBs may be considered as
intrinsic ‘amphipols’. Now that their presence has been revealed,
their participation in the sorting and assembly processes can be
evaluated.
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